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Abstract 
The Magnet System of the Steady State Superconducting Tokamak (SST-1) has been completely refurbished under 
the SST-1 Mission. Since Jan 2009, a wide spectrum of refurbishment has been undertaken which, includes 
developing reliable designs and processes leading to the fabrication of leak tight low DC resistances in SST-1 magnet 
winding packs, equipping each of the sixteen SST-1 Toroidal Field (TF) magnets with a supercritical helium cooled 
bubble type thermal shields and testing each of the prepared TF magnets under representative conditions in cold with 
nominal currents along with manifolds and isolators in near representative conditions. Each of the sixteen SST-1 TF 
magnets has been tested fully and successfully in a dedicated test stand in nineteen campaigns during June 10, 2010 
and was concluded on Jan 24, 2011. These campaigns ensured that all the sixteen TF magnets could be charged to 
their nominal currents of 10000 A in either two-phase or supercritical cooling conditions with leak-tight inter-double 
pancake resistances being in the range of 150 pico ohms to 1200 pico ohms. The supercritical helium cooled thermal 
shields welded in the inner bore of the TF magnets have also performed as per the design specifications. 
Subsequently, the assemblies of the SST-1 TF magnets and the Poloidal Field (PF) magnets in SST-1 machine shell 
have begun. The SST-1 TF magnets are being assembled in pairs (known as octants) together with a SST-1 vacuum 
vessel module, sector of 80 K bubble type thermal shields and a pair of outer-inter-coil-structures. The octant 
assemblies have been completed. The nine superconducting Poloidal Field (PF) magnets will shortly be assembled 
being supported from the TF cases. The resistive central solenoid magnets, compensating coils and the newly 
designed in-vessel radial control coils will be subsequently assembled. The assembled magnets inside the cryostat are 
expected to be cooled down starting from Jan 2012 when a detailed engineering validation of the magnet system 
would be undertaken. The detailed SST-1 magnet system refurbishment including some of the first-of-its-kind test 
results are discussed in this paper. 
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1. Introduction: 
The magnetic configuration and plasma shaping magnetic fields in the Steady State Superconducting 
Tokamak (SST-1) at Institute for Plasma Research (IPR) are being provided by Superconducting Magnet 
System (SCMS). SCMS comprising of sixteen numbers of superconducting (SC), D-shaped, Toroidal 
Field (TF) coils and nine numbers of superconducting Poloidal Field (PF) coils [1], [2] together with a 
pair of resistive PF coils. These two resistive PF coils will be housed inside the vacuum vessel of SST-1. 
The TF coils are arranged symmetrically around the major axis and spaced 22.50 apart. An air-core ohmic 
transformer is used for plasma breakdown and initial current ramp up. A pair of vertical field coil provides 
equilibrium during this phase. Fig 1 shows a schematic of the cross-section of SST-1 showing various 
magnets deployed.  The TF system design requirements is to produce 3.0 T magnetic flux density at 
plasma axis with a maximum field deviation from uniformity  < 2% within the plasma volume.   
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. A cross section of the SST-1 Tokamak showing the magnets system 
 
The base conductor for the TF magnet is an NbTi based Cable-In-Conduit Conductor (CICC) [3]. Each 
of the TF coil is made up of six double pancakes, each pancake having nine turns. The compacted winding 
pack of 6 double pancakes is shrunk fitted into a stainless steel (SS) 316L casing, which supports most of 
the electromagnetic loads. For a maximum current of 10 kA per turn, the magnetic flux density at plasma 
centre is 3.0T. The TF system stores 56 MJ in 17.28 MA-t in them. The maximum voltage developed 
during dump is ~1.2KV. The TF coil casings are wedge shaped at the inner legs and form a cylindrical 
vault when all the 16 coils are assembled together. The outer vault is formed by connecting inter coil 
structures between the TF coils. These vaults resist the centring force and overturning torque experienced 
by the TF system. The SST-1 PF system [2] comprises of nine superconducting coils and two resistive 
coils. These coils allow for a variety of plasma equilibria with wide range of elongation and triangularity. 
Feasibility of limiter operation during plasma current ramp-up, double and single null operation at plasma 
current of 220 kA, double null operation at plasma current of 330 kA and various start-up scenarios are 
the design drivers for PF system. A free boundary, axi-symmetric, ideal MHD equilibrium model based 
code has been used for locating and sizing of the PF system. The SC PF magnets are wound from the 
same CICC as used for TF magnets and have a maximum nominal operational current rating of 10 kA. 
The SC PF coils are supported on the TF casings. 
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2. Refurbishment Aspects in SST-1 Magnet System 
SST-1 commissioning including its magnet system was attempted in 2006. The TF magnets could be 
cooled down to 4.5 K at the inlet and 6-8.8 K at the outlet in two phase helium flow with the helium 
inlet/outlet pressures at 1.8/1.3 bar with an overall cryostat pressure of 10-4 mbar. Consequently, the 
SST-1 TF magnets could be charged up to 1000 A in these scenarios. The limitations were later attributed 
to distributed leaks in the terminations and joints on SST-1 TF winding packs and in the isolators in the 
magnet system. It necessitated the adoption of new joints and terminations fabrication on the TF winding 
pack replacing the old ones. The new helium isolators in the envisaged strain scenarios are further 
required to be leak tight. It was also decided to equip each of the TF magnets with a supercritical helium 
cooled radiation shield for contingencies towards the plasma disruption induced heating of the edge 
pancakes. A detailed test based qualification was planned for each of the TF magnets prior to their 
assembly on the SST-1 machine shell. The primary validation spectrum mandatorily included (a) an 
assured/tested DC resistance of the joints (inter-double pancake as well as inter-coil) < 5 nΩ at 5 K with 
transport current up to 10 kA in the conductor, (b) leaks from any part of the terminations and joints 
below the detectable limit of the sniffer probe at room temperature with an internal pressure of 12 bar 
eliminating the probability of any real leaks, (c) integrated leaks from any part of any of the joints in a 
complete winding pack below the detectable limit of the sniffer probe at room temperature with an 
internal pressure of 14 bar, (d) integrated leaks from any part of the joints in a complete winding pack 
below the detectable limit of the sniffer probe at 4.5 K with an internal inlet pressure of 4 bar with SHe 
flowing inside the winding pack, (e) joints location not becoming a region of initial quench zone and 
thereby does not limiting the operational performance of the magnets in the envisaged SST-1 scenarios. 
The temperature of the joints from the joule heating (caused by the 10 kA DC transport current) as well as 
from the steady state heat loads (from the 80 K shield) are required to be at least 1 K below the current 
sharing temperature (The joint region experience a maximum field of 0.7 T and the current sharing 
temperature is ~ 8 K) and (f) the joint fabrication methodology not degrading the superconducting 
performance of the winding pack (current carrying ability and stability margin). While the first four 
performance requirements are necessarily to be established quantitatively on each magnet through tests, 
the last two criteria are required to be ensured through processes and designs. A total of 192 terminations 
and 96 joints have been successfully made on SST-1 TF magnets.  
A bubble type supercritical helium cooled thermal shield had been installed in the in the inner bore of 
each of the SST-1 TF magnets, as shown in Fig 2. This was meant to reduce the plasma current disruption 
and VDE induced disturbances resulting heating in the edge most pancake. These shields on the 
assembled magnets in SST-1 machine shell would also reduce the direct radiation from the 80 K shield 
falling on the high field region of the TF magnets. These shields have been manufactured from 1.5 mm 
thick SS 316L sheets, stick-welded and hydro-formed to generate the flow paths and flow contours. The 
maximum bubble heights allowed are within 6 mm on one side only. The maximum pressure drop in 
flowing SHe (at 4 bar, 4.5 K) with a nominal mass flow rate of 1 gm/s is within 100 mbar. The expected 
eddy current heating of these panels are below 1 K. The electromagnetic forces acting on these panels are 
contained by spot welding these panels on the edges with the casing. The magnets are tested along with 
these panels with the panel being cooled with the SHe helium flowing from the edge pancakes. At 
nominal operational scenarios, the overall pressure drop is limited to 500 mbar maximum which is also a 
condition of cold circulator operation of the helium facility. 
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These magnets are also planned to be validated with extensive instrumentation at the test stand prior to 
their assembly. The sensors include standby temperature sensors mounted at the inlet/out of the magnets, 
standby temperature sensors at each of the joints including the bus-bar and current leads joints, flow 
measurements at the inlet/outlet as well into the 5 K shields with venture-meter, strain gauges on the 
joints location to estimate the thermal as well as electromagnetic strains, hall sensors to measure the field 
produced by the magnet winding packs, inlet/outlet absolute pressure apart from sectional measurements 
of the double pancake resistances and joint resistances. The joint resistances were measured in a 
redundant fashion with a calibrated nano-voltmeter as well as with in-house developed instrumentations 
appropriate at measuring precision low resistances. All these measurement techniques have been 
validated at laboratory level as well as on a spare TF magnet. Several of these measurements have been 
reported since then [4-6]. 
 
 
 
 
 
 
 
Fig. 2. Bubble type supercritical helium cooled shield  Fig. 3. A TF coil getting ready for testing in the experimental cryostat 
 
Similarly, the quench detection system of SST-1 magnets have been redesigned with stable reference 
generator, increase in the counter size, input filter protections, opto-isolation between analog and digital 
sections and digital driver for driving quench signals etc. The difference configuration principal is 
implemented for the detection of the quench events. Two parallel quench detection systems are 
implemented in OR configuration with independent Voltage taps. Final Magnet quench signal interlock 
with other sub-system (i.e. cryogenics and vacuum system) have been implemented in a fail-safe way 
such that, the voltage tap wire breakage, power supply failure of quench system, component failure on the 
printed circuit board, false quenches, cryogenics and vacuum failures etc., leading to abnormal electronics 
behaviour would instantly be detected and would generate a quench signal. These quench detection 
system have demonstrated a very high degree of reliability during the entire TF test campaign [7]. The 
sensor signal conditioning system are also redesigned with precision offset null, bandwidth limited output 
and with dedicated onboard linear power sources, to reduce noise floor and ensure long term offset 
stability < ± 1 mV [8]. Modular biasing source were used in this signal conditioning card to bias different 
cryogenic sensors like hall probe (magnetic field measurement), Temperature sensors, Strain gauges etc. 
The acquisition of the magnet sensor data were carried out on a PXI data acquisition platform. Necessary 
hardware interlocks were always in place during the magnet campaign between the SST-1 Magnet station, 
Power Supply station, Cryogenic station and Vacuum stations in case of any off-normal events. 
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A dedicated experimental cryostat is used for testing the TF magnets. The coil is hung from the top 
dish-end with appropriate thermal intercepts housed in an optimally designed structure as shown in Fig 3. 
A pair of 10 kA vapour cooled current leads is also mounted from the top dish-end and is connected to the 
ends of the edge pancakes through demountable joint.  
In SST-1, the PF 4 & 5 magnets (both upper and lower) are double pancake wound whereas the PF 1, 
2 & 3 (upper and lower) are layer wound. The PF-3 upper magnet was damaged at the helium entry/exit 
locations on the 5th and 6th layers of it during the last SST-1 campaign resulting into burn-off of the 
superconductors. This magnet was repaired with a new bridge type of joints with a superconducting 
shunt. This PF magnet was tested since then and had demonstrated the workability of the same in the 
envisaged SST-1 operational scenarios. The experimentally measured resistances are in the range of 2-3 
nΩ in operating conditions at 5 K. 
After the successful test of the TF magnets and the refurbished PF-3 magnet, the magnets were 
assembled in pairs on the ground as one eighth of the machine shell. These octants comprised of a pair of 
tested TF magnets, a tested vessel module, a section of 80 K shield and a pair of outer-inter-coil-structure. 
All these eight octants have been assembled on the machine shell. The PF magnets are also being 
assembled shortly. The PF magnets are also getting assembled first on the assembly station on ground and 
then they would be assembled on the machine shell. The SST-1 cryostat is expected to be closed by Dec 
2011 and pumping of the same for the cooling down the SCMS should initiate shortly thereafter. In the 
engineering validation of the machine which would follow thereafter, all the magnets are expected to be 
tested to their design parameters. The in-vessel magnets meant for radial control of the plasma would be 
installed prior to the first plasma attempts. 
3. Some salient results of the SST-1 Magnet Tests 
SST-1 TF magnets have demonstrated excellent joint resistances in a repeated manner in each of the 
campaign. The measured joint resistances are sub nΩ and are one order less on average than the design 
specification of 5 nΩ. Distributions of these joint resistances are shown in Fig 4.  
 
 
 
 
 
 
Fig. 4. The distribution of measured joint resistances          Fig. 5. Pressure drop contours of the 5 K panels as analysed. 
  
All the SST-1 TF magnets were successfully charged up to their specified nominal currents. The 
pressure drop measured across the magnet winding pack was 200 ± 20 mbar for the nominal flow rates of 
1.25 g/s at 4 bar in supercritical flow conditions. The temperature uniformity on the TF case shields are 
also experimentally found to be excellent and are within ± 2 K. The pressure drops across these 
supercritical helium cooled radiation shields are within 30 mbar for the nominal flow conditions. These 
results match with those of the analyses as shown in Fig 5.  
Pressure Contours on Panel 
Gauge  
Pressure Pa 
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The SST-1 TF magnets have been subsequently cleared for their assembly on the SST-1 machine shell. 
In few cases, the magnets have been quenched for want of stability margin (at lower mass flow rate). In 
other cases, some of the magnets have been quenched intentionally also. From these experiments, the 
‘normal zone propagation characteristics’ of the SST-1 CICC in magnet winding packs have been 
investigated. As per the designed values, the normal zone propagation speeds have been measured to be 
in the range of 1-2 m/s. A typical experimental shot where the edge pancake has been quenched is shown 
in Fig. 6. The maximum hot spot temperature following a typical quench is limited to 30 K. 
 
 
Fig. 6. Expanded view showing normal voltage growth in a quench event in the TF magnet 
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